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SUi MARY Despite several studies on the effect of calcium deficiency on bone -status, 
there is relatively little information on the ensuing histological alterations. To investigate 
bone changes during chronic hypocalcemia, weanling rats were kept on a calcium-free diet 
and deionized water for 28 days while control animals were fed normal chow. The epiphy- 
seal-metaphyseal region of the tibiae were processed for histomorphometric, histochemi- 
cal, and structural analyses. The distribution of bone sialoprotein (BSP), osteocalcin (OC), 
and osteopontin (OPN), three noncollagenous bone matrix proteins implicated in cell- 
matrix interactions and regulation of mineral deposition, was examined using postembed- 
ding colloidal gold immunocytochemistry. The experimental regimen resulted in serum cal- 
cium levels almost half those of control rats. Trabecular bone volume showed no change 
but osteoid exhibited a significant increase in all its variables. There were a multitude of 
mineralization foci in the widened osteoid seam, and intact matrix vesicles were observed 
in the forming bone. Many of the osteoblasts apposed to osteoid were tartrate-resistant 
acid phosphatase fJRAP)- and alkaline phosphatase-positive, whereas controls showed few 
such TRAP-reactive cells. Osteoclasts in hypocalcemic rats generally exhibited poorly devel- 
oped ruffled borders and were inconsistently apposed to bony surfaces showing a lamina 
limitans. Sometimes osteoclasts were in contact with osteoid, suggesting that they may re- 
sorb uncalcified matrix. Cement lines at the bone-<atcified cartilage interface in some cases 
were thickened but generally did not appear affected at bone-bone interfaces. As in con- 
trols, electron-dense portions of the mineralized matrix showed labeling for BSP, OC, and 
OPN but, in contrast, there was an abundance of immunoreactive mineralization foci in os- 
teoid of hypocalcemic rats. These data suggest that chronic hypocalcemia affects both 
bone formation and resorption. (J Hlstochem Cytochem 48:1059-1077, 2000) 
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Calcium plays an important role in cellular physiology 
and homeostasis. It is stored when bone is deposited 
and liberated when it is resorbed. The serum calcium 
level is a major factor regulating bone remodeling (re- 
viewed in Dempster 1992). The use of calcium-defi- 
cient diets to investigate the effect of hypocalcemia on 
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bone has generated variable results. Among the vari- 
ous changes reported to be induced by calcium depri- 
vation one finds (a) low levels of bone formation, bone 
loss, or even diffuse osteoporosis (Jowsey and Gershon- 
Cohen 1964; Salomon and Volpin 1970; Salomon 
1972; Stauffer et al. 1973; Ornoy et al. 1974; de Winter 
and Steendijk 1975; Sissons et al. 1984; Ohya 1994; 
Shen et al. 1995), (b) a rise in number of osteoclasts 
and in degree of bone resorption (Bloom et al. 1958; 
Stauffer et al. 1973; Thompson et al. 1975; Liu et al. 
1982; Liu and Baylink 1984; Ohya 1994), (c) an in- 
crease in the number of endosteal cells (Bloom et al. 
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Table 1 Serum values of calcium, phosphorus, albumin, creatinine, alkaline phosphatase, aspartate aminotransferase 
and alanine aminotransferase reported as mean ± SD a 0 , 



Groups 


Ca 


P 


ALB 


CRE 


AP 


AIAT 


AsAT 


Hypocalcemic 
Control 


1.38 ± 0.08* 
2.84 ± 0.10 


3.87 ± 0.60 
3,79 ± 0.35 


23.46 ± 2.55 
22.87 ± 0.99 


55.73 ± 13.43 
54.00 ± 15.41 


399.8 ± 97,0* 
225.5 ± 66.3 


79.53 ± 22.43* 
27.62 ± 8.63 


198.53 ± 71.79 
151,87 ± 40.71 



•Ca, calcium (mmol/Hter); P, phosphorus (mmoWiter); ALB, albumin (g/liter); CRE, creatinine (jimoWiter); AP, alkaline phosphate, (lU/Iiter); AsAT, aspartate 
notransferase {IU/liter); AlAt alanine aminotransferase (Ill/liter). 
*p<0.001 vs. controls. 



1958; Stauffer et al. 1973), and (d) in young, growing 
animals, the presence of severe calcification defects 
similar to those observed in rickets and osteomalacia 
(Bloom et al. 1958; Stauffer et al. 1973; de Bernard et 
al. 1980; Pettifor et al. 1984). 

The aim of the present investigation was to clarify, 
using a combination of morphological approaches, the 
changes in bone status induced by chronic hypocalce- 
mia in growing rats, an animal model frequently used 
to study the effects of metabolic factors on bone and 
bone cells (Salomon 1972; Stauffer et al. 1972,1973; 
de Winter and Steendijk 1975; Liu and Baylink 1984; 
Ohya 1994). Static histomorphometry, histochemical, 
structural, and immunocytochemical analyses were ap- 
plied to characterize the histological and extracellular 
matrix alterations in tibial metaphyseal spongy bone 
of animals fed a calcium-free diet. 



Materials and Methods 
Hypocalcemic Diet 

Eighteen 21 -day-old Wistar rats weighing about 45 g 
(Charles River; St-Constant, QC, Canada) were maintained 
on a cycle of 12-hr light/1 2-hr dark and were fed a com- 
pletely calcium-free diet (Altromin DPI 031; Rieper, Van- 
dois, Italy) for 28 days. Another eight rats were used as 
controls and were given a normocalcemic diet (Altromin 
DPI 000; Rieper) for the same period of time. The animals 
had free access to food and deionized water. Both the cal- 
cium-free and the normocalcic food contained 1000 IU of 
vitamin D/kg. An additional group of three rats was treated 
for 28 days with Altromin DPI 031 containing 2500 IU of 



vitamin D/kg of food to rule out the possibility that the al- 
terations observed reflected a vitamin D-dependent rickets. 
The experimental protocol was approved by the Comite de 
Deontologie de 1'Experimentation sur les Animaux of the 
Universite de Montreal. 

Blood Sampling and Tissue Processing 
for Histological Analyses 

On Day 28, the rats were anesthetized with chloral hydrate 
(Sigma Chemical; St Louis, MO) and blood samples were 
drawn from the jugular vein for routine biochemical assays 
of (a) calcification parameters (calcium, phosphorus, alka- 
line phosphatase), (b) renal function (creatinine), (c) intesti- 
nal protein absorption (albumin), and (d) liver activity (as- 
partate aminotransferase and alanine transferase). The rats 
were then perfused through the left ventricle with lactated 
Ringer's solution (Abbott; Montreal, QC, Canada) for 
about 30 sec, followed by fixative for 20 min. The fixative 
solution consisted of either 4% paraformaldehyde + 0.1% 
glutaraldehyde in 0.08 M sodium cacodylate buffer, pH 7.3, 
or 1% glutaraldehyde in the same buffer. After perfusion, 
the tibiae were dissected, split longitudinally, and immersed 
in the corresponding fresh fixative solution for 3 hr (para- 
formaldehyde-glutaraldehyde) or overnight (glutaraldehyde) 
at 4C. The proximal metaphysis of each hemitibia was then 
dissected and subdivided into small segments. These were 
processed for embedding in glycolmethacrylate (Merck/ 
Schuchardt; Darmstadt, Germany) for enzyme histochemis- 
try (Bianco et al. 1984) or LR White acrylic resin (Mecalab; 
Pointe-aux-Trembles, QC, Canada) for postembedding col- 
loidal gold immunolabeling (Bendayan et al. 1987; Nanci et 
al. 1989), Some of the specimens were decalcified with 
4.13% (ethylenedinitrilo)tetraacetic acid (EDTA, disodium 
salt), pH 7.2, for 2 weeks at 4C before embedding (War- 



Table 2 Histomorphometric values (mean ± SD) for bone structural parameters 3 





BV7TV 


Tb.Th 


Tb.N 


Tb.Sp 


G.P.Wi 


Hypocalcemic 


9.69 ± 3.43 


36.12 ± 3.22 


2.63 ± 0.75 


384 ± 127 


581 ± 116 


Vitamin D-supplemented 


9.67 ± 0.S4 


31.19 ± 0.18 


3.11 ±0.18 


292 ± 20 


594 ±43 


Control 


9.55 ±1.81 


40.57 ± 3.40 


2.34 ± 0.32 


297 ± 70 


556 ± 61 


AN OVA 


NS 


p<0.008 


NS 


NS 


NS 


Hypocalcemic vs control, 




p<0.02 








Hypocalcemic vs vitamin D-supplemented, 


NS 










Control vs vitamin D-supplemented, 




p<0.003 









•BV/TV, % of total volume occupied by bone; Tb.Th, trabecular thickness in jim; Tb.N, trabecular number; Tb.Sp, trabecular separation in »im; G.P.Wi, growth 

plate width in ^m. 

♦Student's Mest within ANOVA. 
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Table 3 Histomorphometric value s (mean ± SD) for bone formation-associated indices* 

~ OV/BV OTh OS/ BS Ob.S/BS 
Hypocaicemic 



68.06 ± 6.37 17.62 ±2.86 70.24 ± 4.14 67.43 ± 4.84 

VltamTn ^Supplemented 49.37 ± 6.45 10.02 ± 0.71 70.91 ± 4.42 70.91 ± 4.42 

Control 4.18 ± 0.24 2.21 ± 0.56 37.04 ± 6.54 35.25 ± 6.88 

AN OVA <0.000 <0.000 <0.000 <0.000 

Hypocakemicvs control* P<0.000 p<0.000 p<0.000 P<0.000 

Hypocalcemic vs vitamin D-supplemented* p<0.000 p<0.0001 NS NS 

Control vs vitamin D-supplemented* p<0.000 . p<0.0002 p<0.000 p<a000 

•OV/BV, % bone volume occupied by osteoid; O. Th, osteoid thickness in urn; OS/BS, % bone surface occupied by osteoid; Ob. S/BS, % of bone surface occupied 
by osteoblasts. 

•Student's t-test within ANOVA. 



shawsky and Moore 1967). Other undecalcified specimens 
were postfixed with potassium ferrocyanide-reduced os- 
mium tetroxide (Neiss 1984) and embedded in Epon for 
routine light and electron microscopic examination. 

Histomorphometric Analysis 

Histomorphometric analysis of undecalcified tibiae was car- 
ried out with an interactive image analyzer (IAS 2000; Delta 
Sistemi, Rome, Italy) on at least three ~2-u,m-thick sections 
from each animal. The sections were cut at intervals of ~60 
u-m with a Reichert-Jung 1150/Autocut microtome. Struc- 
tural variables (for nomenclature see Parfitt et al. 1987) 
were measured in the spongiosa within a conventional 1.11 X 
2.29-mm (2.54 mm 2 ) rectangular window whose upper side 
was centered 1 mm below the growth plate-metaphyseal 
junction. Remodeling variables were analyzed in the same 
region using a 0.85 X 1.02-mm (0.87 mm 2 ) window. Growth 
plate width was measured at five equally spaced distances. 
Differences between groups were assessed by the bidirec- 
tional f-test adjusted for multiple comparison. The test was 
performed after assessment of significant difference by one- 
way analysis of variance (ANOVA). Statistical significance 
was considered at p<0.05. 

Cytochemical Staining 

Thick sections for light microscopy were stained with azure 
Il-methylene blue for routine examination or by the von Kossa 
method for calcium phosphate. Glycolmethacrylate sections 
were used to demonstrate alkaline phosphatase (AP) and 
tartrate-resistant acid phosphatase (TRAP) activities under 
the light microscope (Bianco and Bonucci 1991). TRAP ac- 



tivity was also visualized at the ultrastructural level using ce- 
rium-based preembedding cytochemistry and epoxy resin 
embedding (Robinson and Karnovsky 1983; Clark et al. 
1989; Bonucci et al. 1992). Some glycolmethacrylate sec- 
tions stained with azure Il-methylene blue or by the von Kossa 
method were also used for histomorphometry. 

Immunolocalization of Noncollagenous Bone 
Matrix Proteins 

Postembedding protein A-colloidal gold immunoiabeling of 
tissue sections was applied to examine the presence and dis- 
tribution of bone sialoprotein (BSP), osteocalcin (OC), and 
osteopontin (OPN) (reviewed in Bendayan 1995; McKee 
and Nanci 1995). Briefly, decalcified and undecalcified grid- 
mounted LR White tissue sections were blocked for 15 min 
by floating on a drop of 0.01 M PBS containing 1% ovalbu- 
min (Sigma). They were then incubated with chicken egg 
yolk anti-rat OPN antibody (1:150 for 3 hr; Nanci et al. 
1996) followed by rabbit anti-chicken IgG antibody (Cap- 
pel; Organon Teknika, Scarborough, ON, Canada), goat 
anti-rat OC (1:50; Hauschka et al. 1983), or with rabbit 
anti-rat BSP (1:100 for 3 hr; LF-87; Midura et al. 1990). Af- 
ter incubation with antibody, sections were rinsed with PBS, 
placed on a drop of PBS-1% ovalbumin for 15 min, and 
then floated on a drop of protein A-gold complex (dilution 
1:25) for 30 min. The complex was prepared as described in 
Bendayan (1995) using colloidal gold particles of ~8 nm 
(Frens 1973). All incubations were carried out at room tem- 
perature. Controls were incubated with the secondary anti- 
body followed by protein A-gold or protein A-gold alone. 
Sections were finally washed with PBS, rinsed with distilled 



Table 4 H istomorpho metric values (mean 


± SD) of bone resorption-associated indices* 








ES/BS 


Oc.S/BS 


OcN/BS 


Hypocalcemic 


25.64 ± 3.07 


20.08 ± 3.38 


9.54 ± 2.01 


Vitamin D-supplemented 


22.38 ± 0.87 


19.02 ± 1.03 


9.44 ± 0.63 


Control 


20.76 t. 2.31 


19.65 ± 1.93 


7.75 ± 0.79 


ANOVA 


p<0.01 


NS 


NS 


Hypocalcemic vs control* 


p<0.004 






Hypocalcemic vs vitamin-supplemented* 


NS 






Control vs vitamin-supplemented* 


NS 







J ES/BS, % ob bone surface showing erosion; OcS/BS, % of bone surface occupied by osteoclasts; Oc. N/BS number of osteoclasts/mm 1 . 
♦Student's Mest within ANOVA. 
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water, stained with uranyl acetate and lead citrate, and 
examined in a JEOL 1200EX-II transmission electron mi- 
croscope operated at 60 kV. 

Results 

Animals from the present study (except for the hypo- 
calcemia group supplemented with vitamin D) were 
also used to examine enamel formation in the mandib- 
ular incisors. Details of food and water consumption, 
and weight progression for the hypocalcemic and con- 
trol groups are given in Nanci et al. (2000). The aver- 
age weight of hypocalcemic rats after 28 days was 124 ± 
11.6 g compared to 244.9 ± 49.2 for controls. 



Biochemical Assays 

Results of the blood analyses are summarized in Table 
1. The serum data showed conspicuous hypocalcemia 
in calcium-deprived rats (1.38 ± 0.09 vs 2.8 ± 0.10 
mmol/liter; /><0.001), an increase in alkaline phos- 
phatase and alanine aminotransferase, and normal 
values for phosphorus, creatinine, albumin, and aspar- 
tate aminotransferase. 



Histomorphometry 

The bone volume of calcium-deficient rats showed no 
significant difference from that of control rats (Table 

2) . Animals given a supplement of vitamin D (2500 IU 
of vitamin D) exhibited similar values. The absence of 
calcium in the diet resulted in a significant reduction 
of trabecular thickness, compared to the control group. 
The growth plate width was similar in three groups. 

Both groups of rats given a calcium-free diet showed 
a significant increase in the osteoid parameters with re- 
spect to controls, as indicated by the values for osteoid 
volume, osteoid thickness, and osteoid surface (Table 

3) . Of note is that osteoid volume and thickness in- 
creased less in rats fed on a diet with 2500 IU/kg of vi- 
tamin D than in those maintained on a diet containing 
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1000 IU/kg. In both groups the osteoblast surface was 
also significantly greater than that in controls. 

Osteoclast surface and osteoclast number were not 
significantly altered by hypocalcemia (Table 4). The 
eroded surface was significantly higher in treated rats 
receiving 1000 IU of vitamin D but not in those fed a 
diet with 2500 IU. However, in both these groups, al- 
most all trabecular surfaces showed signs of bone re- 
modeling. 

Histology 

The metaphyses of hypocalcemic rats appeared to 
consist of rather irregular trabeculae, delimiting med- 
ullary spaces that contained dilated capillary vessels 
and hemopoietic cells. Very few trabeculae were lined 
by typical bone lining cells, the majority of endosteal 
surfaces being covered by well-developed osteoblasts 
(Figures 1A and IB). Many osteoclasts were observed 
along the bone surfaces and mast cells were abundant 
near bone (Figures IB, ID, and IE). Osteoclasts, par- 
ticularly those near the growth plate, were often found 
apposed to unmineralized matrix (Figure ID). The or- 
ganization of osteoblasts along trabeculae varied ac- 
cording to the distance from the growth plate carti- 
lage. Those at a distance generally formed a single row 
(Figures 1C and IE), whereas those nearer the growth 
plate appeared to be hyperplastic (Figure 1A). In both 
cases, the cells were rather large (mean diameter about 
15 jim), and showed a deeply stained cytoplasm with 
a conspicuous Golgi apparatus and an eccentric nu- 
cleus with one or two nucleoli (Figures 1A and IE). 
Von Kossa staining confirmed that the central part of 
the trabeculae was calcified, whereas the peripheral 
bone matrix consisted of thick, uncalcified osteoid 
borders with a widened seam showing many mineral- 
ization foci (Figures 1C and IE). 

Enzyme Histochemistry 

In hypocalcemic rats, the majority of osteoclasts were 
TRAP-positive, and intensely reactive mononuclear 



-< — - — ■ — — — — ■ — — - — - — - — 

Figure 1 Sections of glycol methacrylate-embedded mineralized tibiae from hypocalcemic rats. (A) Near the growth plate, the metaphyseal 
trabeculae consist mainly of osteoid matrix lined by many osteoblasts. Azure ll-methylene blue. (B) Portion of a metaphyseal trabecula 
showing an osteoclast (Ocl) and many osteoblasts (Ob) in a Howship's lacuna. Note the presence of many mast cells <MC) near the bone sur- 
face. Azure ll-methylene blue. (Q Bone shows an abundance of osteoid tissue and a paucity of mineralized matrix (Min. Matrix), as Illus- 
trated in this metaphyseal trabecula situated away from the growth plate. At this site, osteoblasts lining the bone surface generally form a 
single row of cells, von Kossa. (D) Osteoclasts are apposed to both the uncalcified osteoid border and mineralized matrix. Note the presence 
of well-developed osteocytes (Oc) in both these matrices, von Kossa. (E) Higher magnification, showing a trabecula with a thick layer of os- 
teoid and a relatively thin layer of mineralized matrix. Note the widened osteoid seam (arrowheads) characterized by the presence of many 
mineralization foci and the abundance of mast cells near the forming bone surface, von Kossa. (F) Tartrate-resistant acid phosphatase stain- 
ing (TRAP); note the intense reaction in osteoclasts and in mononuclear cells (arrows) in the tissue surrounding the trabecula. Osteoblasts 
and osteocytes are less reactive and show granular deposits of reaction product particularly at the interface between osteoblasts and the 
osteoid tissue. (G) Alkaline phosphatase (Alk Phos) staining; osteoblasts show enzyme activity along their plasma membrane. 
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Figure 2 Electron micrograph illustrat- 
ing part of a metaphyseal trabecula 
from a hypocalcemic rat. The mineral- 
ized bone matrix (Min. Matrix) is sur- 
rounded by a thick layer of osteoid. A 
variety of mononuclear cells are ap- 
posed to it. Typical osteoblasts are gen- 
erally cuboidal and show a prominent 
Golgi apparatus (Golgi), occupying much 
of the cytoplasm. (Inset) Coated pits 
(arrows) are present along the plasma 
membrane facing the osteoid. The other 
two cell types are more elongated and 
exhibit an inconspicuous Golgi appara- 
tus. One shows a "clear" cytoplasm 
whereas the other is "dark" and its cy- 
toplasm is mainly occupied by rough 
endoplasmic reticulum (rER). N, nucleus. 



cells were frequently seen around them (Figure IF). 
TRAP activity was also present in osteoblasts and os- 
teocytes (Figure IF). The reaction product in these 
cells appeared as granular deposits which, in the case 
of osteoblasts, were aligned along the cell membrane 
facing osteoid (Figure IF). Practically all the osteo- 
blasts along the metaphyseal trabeculae showed TRAP 
staining, whereas those lining diaphyseal bone or the 
diaphyseal terminal portion of trabeculae were, in 
general, very weakly or not reactive. Osteoblasts also 
showed strong alkaline phosphatase activity. The re- 
action product was localized along their cell mem- 
brane (Figure 1G). In control animals, the majority of 
osteoblasts were TRAP-negative, reaction product be- 



ing found only in some cells lining the initial portion 
of the trabeculae near calcifying cartilage, but all os- 
teoblasts exhibited membrane-bound alkaline phos- 
phatase (data not shown). 

Electron Microscopy 

The metaphyseal trabeculae of hypocalcemic rats con- 
sisted of a central calcified zone surrounded by a thick 
layer of osteoid showing abundant calcification foci 
(Figure 2). The trabeculae were lined by a variety of 
mononuclear cells (Figure 2). Many of them showed 
ultrastructural characteristics similar to those reported 
for active osteoblasts (Scherft and Groot 1990). They 
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were generally cuboidal in shape and possessed a 
roundish nucleus with dispersed chromatin and one or 
two nucleoli. A large part of the cytoplasm was occu- 
pied by the Golgi apparatus (Figures 2, 3, and 4), 
whereas the remaining portion contained cisternae of 
the rough endoplasmic reticulum, mitochondria, lyso- 
some-like bodies, and a number of vesicles of variable 
electron density (Figures 2, 3, and 4). The plasma 
membrane was generally smooth but coated pits were 
occasionally seen facing the osteoid (Figure 2, inset). 
These osteoblasts showed few cell processes but there 
were many vesicular profiles among the irregularly 
oriented collagen fibrils of the adjacent osteoid layer 
(Figure 3). Some of the lining cells showed a clear cy- 
toplasm, contained few protein synthetic organelles, 
and extended thick cytoplasmic processes into the os- 
teoid matrix (Figure 2). A third mononuclear cell type 
was also associated with osteoid; it was more electron- 
dense, contained an ovoid nucleus, and was rich in 
rough endoplasmic reticulum but showed no extensive 
Golgi apparatus (Figure 2). 

Osteoclasts in calcium-deficient rats showed either 
well-developed or incomplete ruffled borders and con- 
tacted either calcified and/or uncalcified bone matrix 
(Figures 5-7). They appeared to be less frequently ap- 
posed to bone surfaces showing a lamina limitans 
(Figures 5-7) (see Nanci et al. 1994,2000 for discus- 
sion on the use of the terms cement line and lamina 
limitans). In many cases, the osteoclasts contacted the 
bone surface via extensions that intruded between typ- 
ical osteoblasts or mononucleated clear cells with a 
paucity of protein synthetic organelles (Figure 7). 
Crystallites were also sometimes present deep among 
the membrane infolding of cells with seemingly nor- 
mal ruffled borders (Figure 5B, inset). Intact collagen 
fibrils or recognizable fragments were not observed in- 
tracellularly within cytoplasmic vacuoles of the con- 
trol and hypocalcemic rats examined. 

Ultrastructural Cytochemistry 

Osteoclasts in hypocalcemic rats showed TRAP activ- 
ity, even those in direct contact with osteoid tissue 
(Figure 8). Reaction product was localized in small 
electron-lucent vesicles in the region of the ruffled bor- 
der and in larger lysosome-like profiles (Figure 8). 
Some reactivity was also found along the outer mem- 
brane of mitochondria (Figure 8). 

Although many TRAP reaction product deposits 
were seen in osteoblasts by light microscopy, relatively 
few reactive granules were noted at the ultrastructural 
level, a situation probably due to the fact that the 
granules are small and are distributed throughout the 
large cell volume (Figure 9). However, systematic 
analysis of several serial sections revealed the presence 



of TRAP-positive vacuoles in the majority of osteo- 
blasts from hypocalcemic rats. 

Immunocytochemistry 

Control rats showed a distribution for BSP, OC, and 
OPN similar to what has been previously reported for 
normal animals (data not shown; Bianco et al. 1993; 
McKee et al. 1993; McKee and Nanci 1995,1996; 
Riminucci et al. 1995), i.e., over mineralization foci at 
the osteoid seam, patches of matrix among the miner- 
alized collagen fibrils, and over cement lines and lami- 
nae limitantes. In rats fed a calcium-free diet, immu- 
nolabeling for BSP and OPN was found over these 
same extracellular matrix compartments (Figures 4-7 
and 10-12). Although labeling for OC was also found 
over electron-dense portions of bone matrix, in some 
areas it also showed a more diffuse distribution (Fig- 
ure 5). The thickened osteoid layer showed abundant 
mineralization foci immunoreactive with all three 
antibodies (Figures 6 and 10-12). Cement lines at 
the mineralized bone-cartilage interface and between 
older and younger bone were typically immunoreac- 
tive (Figures 10-12). In many cases, the interfacial 
layer between bone and cartilage was thicker than in 
normal rats (Figure 11B). Occasionally, patches of 
OPN-immunoreactive matrix were seen within pit-like 
membrane inpocketings of osteoclasts showing a poorly- 
developed ruffled border (Figure 5 A, inset). Matrix 
vesicles in osteoid were not labeled (Figure 10D). It is 
noteworthy that in both hypocalcemic and normal rats, 
immunolabeling for noncollagenous matrix proteins 
among the mineralized collagen showed dramatic 
variations and that areas with almost no immunoreac- 
tivity were frequently found adjacent to normally la- 
beled ones (discussed in Nanci 1999). 

Discussion 

In this study we applied a combination of morphologi- 
cal approaches to examine the effects of diet-induced 
chronic hypocalcemia in young, growing rats. Calcium 
deficiency in these animals produced severe bone alter- 
ations characterized by an increase in osteoid but no 
change in thickness of the growth plate. These data are 
consistent with some previous reports indicating that 
hypocalcemia induces calcification defects similar to 
those observed in rickets and osteomalacia (Bloom et 
al. 1958; Stauffer et al. 1973; de Bernard et al. 1980; 
Pettifor et al. 1984). Vitamin D is probably not a ma- 
jor contributor to the resulting alterations because 
there was only a partial change in osteoid parameters 
when doses were raised from 1000 to 2500 IU. In ad- 
dition, low plasma calcium would be expected to lead 
to an increase of la-hydroxylase activity in the kidney 
and a concomitant increase in l,25(OH>2D3 (Persson 
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Figure 3 Higher magnification of an osteoblast from a hypocalcemic rat showing an eccentric nucleus (N) and a well-developed Golgi ap- 
paratus (Golgi). The ceil is apposed to osteoid characterized by an abundance of matrix vesicle-like granules (arrowheads) and irregularly 
oriented collagen fibrils (Coll.). m, mitochondria; mvb, multivesicular body. 



et al. 1993). Taken together, the data suggest an in- 
crease in remodeling rate which, in growing rats, may 
more readily lead to compensatory secondary hyper- 
parathyroidism-like bone changes, including an accu- 
mulation of osteoid (Parfitt 1990). They are also in 
agreement with results from a study carried out on ba- 
boons, which revealed that diets low in both calcium 
and phosphorus lead to osteomalacia, whereas those 
low only in calcium induce hyperparathyroidism (Petti- 
for etal. 1984). 

There are few reports in the literature in which the ef- 
fects of hypocalcemia were corroborated by histomor- 
phometric measurements, and these generally show a re- 
duction in trabecular bone volume, especially in adult 
animals (Thomas et al. 1991; Weinreb et al. 1991; Shen 
et al. 1995). The present analysis in growing rats re- 
vealed no significant change in trabecular bone volume. 
Therefore, it is possible that the effect of hypocalcemia 
on this parameter is age-dependent. Moreover, some 
studies have used reduced amounts of calcium in the 
diet, rather than complete absence, as in the present 
study. The amount of calcium in the food is clearly ex- 



pected to have an impact on serum calcium levels and 
may therefore also account for the discrepancies in bone 
volume observed in the various studies. 

All three noncollagenous bone matrix proteins ex- 
amined were immunodetected in hypocalcemic rats. 
There were no major changes in their pattern of distri- 
bution or concentration at labeled sites that could be 
inferred from qualitative observation. Immunocy- 
tochemically, the most conspicuous difference in label- 
ing between hypocalcemic and control rats was the 
presence of many mineralization foci, intensely immu- 
noreactive for BSP, OC, and OPN, in the thickened 
osteoid. Despite the abundance of matrix vesicles, the 
presence of these foci indicates that initiation of min- 
eralization must have occurred; however, its progres- 
sion was clearly hampered. The abundance of osteoid 
tissue and the intense immunolabeling for noncollage- 
nous matrix proteins in mineralization foci further 
suggest that the reduced availability of calcium, rather 
than an incompetent organic matrix, is the major fac- 
tor for the alteration in mineralization observed in hy- 
pocalcemic rats. 
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Figured Immunocytochemical preparation with anti-osteopontin (OPN) antibody, showing an osteoblast near calcified cartilage. The 
Golgi apparatus (Gotgi) of the cell shows the characteristic cylindrical (cd) and spherical distensions (sd). The cement line (CL) at the bone- 
cartilage interface is intensely immunoreactive. N, nucleus; rER, rough endoplasmic reticulum. 



The bone changes observed appear to be indepen- 
dent of abnormalities of kidney, liver, or intestine, at 
least so far as can be inferred from the normal levels 
of albumin and creatinine. Total plasma alkaline 
phosphatase levels were increased, suggesting an in- 
crease in bone formation. This value includes both 
bone and liver alkaline phosphatase. However, liver 
damage can be excluded because, despite the signifi- 
cant increase in alanine aminotransferase level in 
hypocalcemic rats, the aspartate aminotransferase/ 



alanine aminotransferase ratio in these animals still 
remained greater than 1. 

The presence of abundant rough endoplasmic retic- 
ulum, a conspicuous Golgi apparatus, and alkaline 
phosphatase activity along the membrane of many 
mononuclear cells lining the osteoid surface indicates 
that these cells belong to the osteoblast lineage. How- 
ever, detection of TRAP reactivity in many of these 
lining cells suggests that they are also actively involved 
in degradative functions. TRAP-positive osteoblast-like 
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Figure 5 Micrographs illustrating the distribution of bone sialoprotetn (BSP), osteocalcin (OC), and osteopontin (OPN) in areas of bone re- 
sorption. The osteoclasts show either (A) poorly developed or (B) seemingly normal ruffled borders. Labeling for BSP is mainly found over 
patches of electron-dense matrix (arrowheads) among the collagen of the mineralized matrix (Min. Matrix), whereas, with the antibody 
used OC immunoreactivity occasionally shows a more diffuse distribution. A lamina limitans (LL) is not always present in the region where 
osteoclasts appose bone, particularly when they exhibit incomplete ruffled borders. (Inset in A) Patches of organic matrix (arrowheads), im- 
munoreactive for (OPN), are occasionally observed within what appears to be partially degraded collagenous matrix (asterisks) and piMike 
membrane invaginations associated with poorly developed borders. (Inset in B) Crystallites (arrows) are sometimes observed within the 
membrane infolding of well-developed ruffled borders, m, mitochondria. 
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Figure 6 In many cases, the ruffled border region of osteoclasts from hypocakemic rats is reduced and uncharacteristic, extending coarse 
cytoplasmic projections (arrows) into the subjacent matrix. Some cells appear to be resorbing osteoid rich in mineralization foci (arrow- 
heads), here immunolabeied for osteopontin (OPN). (Inset) Although collagen fibrils (Coll.) are seen within membrane infoldings of the os- 
teoclasts, fibrils or their fragments have not been discerned in intracellular degradative compartments. N, nucleus. 



cells have also been found in normal metaphyseal bone 
(Bianco et al. 1988; Yamamoto et al. 1996) and in basic 
multicellular units (BMUs; Baron et al. 1984). In our 
study, there appeared to be more alkaline phosphatase- 



and TRAP-positive mononuclear jcells on the osteoid 
surface of calcium-deprived rats than of controls. This 
observation, albeit with the caveat of being qualita- 
tive, suggests that normal levels of interstitial calcium 
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Figure 7 Immunocytochemical preparations with anti-osteopontin (OPN) and anti-osteocalcin (OC) antibodies. Osteoclasts from hypocalce- 
mic rats frequently extend cell extensions between (A) "clear" mononuclear cells with a paucity of organelles or (B) typical osteoblasts, to 
reach either mineralized bone matrix (Min. Matrix) or osteoid. Note the absence of a well-developed lamina limitans (LL) at the site of con- 
tact with the matrix. This suggests that this interfacial matrix layer is not a prerequisite for osteoclast attachment and matrix degradation. 
Patches of matrix (arrowheads) among the mineralized collagen and the cement line at the bone-<artilage interface are immunoreactive. 
Golgi, Golgi apparatus; m, mitochondria; N, nucleus. 



/ 
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Figure 8 Cytochemical preparations for TRAP, showing the distribution of reactivity in osteoclasts from hypocalcemic animals. (A) This os- 
teoclast extends coarse cytoplasmic extensions (arrows) into the subjacent osteoid matrix. Reaction product is present in vesicular profiles 
(arrowheads) in the ruffled border zone. (B) Intensely reactive vesicles of various sizes (arrowheads) are also found deeper in the cell cyto- 
plasm. Some reactivity is also present along the mitochondrial (m) membrane, mv, matrix vesicle; N, nucleus. 



or normal matrix calcification are required for their 
differentiation into or replacement by true osteoblasts. 
If these indeed represent intermediate cells of the 
BMUs, this raises the possibility that calcium ions and/ 
or the degree of matrix calcification may participate in 
cell signaling and may mediate transition from the re- 
versal to the formation phase. Another element that 
might modulate this transition is the cement line, 
whose completion is considered to be followed by the 
disappearance of the intermediate cells and the ap- 
pearance of true osteoblasts (Baron et al. 1984). In- 
deed, the less frequent "coating" of bone surfaces with 
a lamina limitans is consistent with the abundance of 
intermediate-like cells in bone of hypocalcemic rats. 
The presence of mast cells at sites of bone modeling 
and remodeling may also be implicated in the alter- 
ations observed, because it has been suggested that * 
these cells and their mediators participate in the para- 
crine control, albeit as one of several redundant mech- 
anisms, for recruitment of osteoclast and osteoblast 
precursors (Silberstein et al. 1991). In this regard, 
both heparin and histamine are known to play a role 
in mediating bone formation and resorption (dis- 
cussed in Silberstein et al. 1991; Muir et al. 1997). 

The inconsistent presence of a lamina limitans at 
sites where osteoclasts were apposed to the bone sur- 



face in hypocalcemic rats suggests that these cells are 
not obligatorily dependent on this interfacial structure 
for adherence to bone surfaces and for matrix degra- 
dation. In this context, it has been shown that osteo- 
clasts can bind to native Type I collagen via ot23i inte- 
grin and denatured collagen via a v P3 integrin (Helfrich 
et al. 1996), which may in part explain their frequent 
interaction with osteoid. It may be that, under normal 
conditions, proteins constituting the lamina limitans 
lead to a "coordinated" resorptive activity rather than 
the more "opportunistic" behavior that may take place 
^during the intense bone turnover triggered by the sig- 
nificant reduction of serum calcium. 

Another distinctive feature was that cement lines at 
the bone-calcified cartilage interface sometimes ap- 
peared to be thicker than those of control rats. These 
interfacial lines are believed to derive mainly from the 
differential deposition of matrix constituents by osteo- 
blasts at the beginning and end of the bone-forming 
cycle (discussed in McKee and Nanci 1996). The in- 
crease in their thickness suggests that the initial upreg- 
ulation of noncollagenous matrix proteins may have 
persisted for a longer period of time. Alternatively, 
extracellular matrix events may have been affected, 
leading to a looser interaction between the various 
components constituting cement lines. It has also been 



1072 



Mocetti, Ballanti, Zalzal, Silvestrini, Bonucci, Nanci 




Figure 9 Despite the readily apparent 
TRAP activity detected by light micros- 
copy in osteoblasts from hypocalcemic 
rats, at the electron microscopic level 
cells exhibited only a few weakly reac- 
tive granules (arrowheads). Coll., col- 
lagen fibrils; Golgi, Golgi apparatus. 



proposed that circulating noncollagenous bone matrix 
proteins may contribute to the formation of cement 
lines (Nanci et al. in press; Van den Bos et al. 1999). 
Any increase in their availability in tissue fluids, result- 
ing from impaired mineralization, could also contribute 
to increasing the thickness of some cement lines. 

The intracellular organization of osteoclasts in hy- 
pocalcemic rats resembled that of controls. However, 
they often showed incomplete or poorly formed ruf- 
fled borders. The occasional presence of crystallites 
within the membrane infoldings of the ruffled border 
in both hypocalcemic and control rats is perplexing, 
considering the acid pH at this site. Most osteoclasts 
in calcium-deficient animals exhibited widespread TRAP 
activity, even when located close to osteoid, suggest- 
ing that they can degrade uncalcified bone matrix. Os- 
teoclast-mediated degradation of uncalcified collagen 
fibrils has also been reported in severe primary hyper- 
parathyroidism (Bonucci et al. 1978). Collagen fibrils 
were intimately associated with the ruffled border of 
osteoclasts but were not detected morphologically 
within intracellular degradative compartments. Unlike 
fibroblasts, which can endocytose collagen fibrils and 
degrade them intracellularly (Everts and Beertsen 1987), 



matrix degradation by osteoclasts is generally believed 
to occur extracellularly (Vaananen 1996; reviewed in 
Katsunuma 1997; Nesbitt and Horton 1997). How- 
ever, it has recently been demonstrated that there is in- 
tracellular trafficking of matrix components and/or 
their fragments released during extracellular enzy- 
matic activity and that these are then transcytosed to 
the basolateral membrane (Nesbitt and Horton 1997). 

TRAP activity was also detected in osteocytes, espe- 
cially those located near osteoclasts, as previously re- 
ported in cases of hyperparathyroidism (Bianco and 
Bonucci 1991). Osteocytes may therefore also exhibit 
osteolytic activity, supporting the concept of perios- 
teocytic osteolysis (reviewed in Bonucci 1990). How- 
ever, it must be noted that, as for tartrate-sensitive 
acid phosphatase (TSAP) activity (Wergedal and Bay- 
link 1969), TRAP activity varies inversely with the 
distance of osteocytes from osteoclasts. The intralacu- 
nar TRAP activity detected may therefore not neces- 
sarily all derive from osteocytes but may result from 
the diffusion of the enzyme from the osteoclast to- 
wards the osteocyte, establishing a diffusion gradient. 

In conclusion, a calcium-free diet administered to 
young, growing rats reduced the serum calcium level 



Figure 10 Mineralized tissue preparations immunolabeled for bone sialoprotein (BSP) and osteopontin (OPN). Both noncollagenous matrix 
proteins essentially co-localize at the same sites in bone. (A) Overview of the bone matrix deposited onto a calcified cartilage spicule at a se- 
rum calcium level half that of normal rats. The bone matrix shows many mineralization foci (arrowheads) but the collagen (Coll.) does not 
appear mineralized. (Insets) Higher magnifications of the labeling over the cement line (CL) at the bone-<artilage interface and over miner- 
alization foci. (B-D) The bone forming sequence on the calcified cartilage in hypocalcemic rats. (B) Differential secretion by osteoblasts re- 
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suits in the preferential deposition of BSP and OPN to form a cement line on the calcified cartilage. Because these two noncollagenous pro- 
teins are found in blood and tissue fluids, any contribution by circulating proteins to the cement line cannot be excluded. (C) Collagen 
production is then upregulated to form osteoid (D) which, in the presence of matrix vesicles (mv) and additional noncollagenous bone ma- 
trix proteins, will gradually mineralize. N, nucleus. 
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Figure 11 Immunocytochemical preparations for osteopontin <OPN). (A) In hypocalcemic rats, the osteoid layer is thicker and shows many 
mineralization foci (arrowheads), rich in osteopontin. Osteocytes are found throughout this layer of incompletely mineralized bone matrix. 
(B) In the primary spongiosa, the cement line (CL) at the interface between calcified cartilage and forming bone often appears thickened 
compared to controls (inset). N, nucleus. 



to about half of normal values but did not signifi- 
cantly change bone volume. Osteoid volume, surface, 
and thickness increased. There were many mineraliza- 
tion foci in the widened osteoid seam, suggesting 
aborted attempts at mineralization. These were con- 
spicuously immunoreactive for BSP, OC, and OPN. 
Bone turnover was increased and osteoblasts were hy- 



perplastic. Most osteoblasts showed TRAP and alka- 
line phosphatase activity, thus resembling the BMU in- 
termediate cells. Osteoclasts were all intensely stained 
for TRAP, showed poorly developed ruffled borders, 
and appeared to digest both calcified and uncalcified 
bone matrix. Although the alterations observed must 
take into consideration the effects of both calcium de- 
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Figure 12 Layer of poorly mineralized bone deposited on calcified cartilage in a hypocakemic rat. Labeling with an antibody to osteocal- 
cin (OC) is observed over patches (arrowheads) of the afibrillar matrix among the collagen fibrils (Coll.) and which forms the cement line 
(CL) at the bone-cartilage interface. 



ficiency and growth, taken together the data suggest 
that severe hypocalcemia in young rats induces an os- 
teomalacia-like state which, as is often the case, is 
characterized by bone changes caused by compensa- 
tory secondary hyperparathyroidism. 
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